Ammonia recovery from anaerobic digestion (AD) is a notably beneficial process for removing excess nitrogen, producing low cost fertilizer and enhancing odor abatement. A process was developed for nutrients recovery by integrating a simple and effective stripping process with AD system. To design, optimize and scale up this system, multi-fluid model was developed to simulate flow, mass transfer and reactions in the ammonia stripping tower. The mass and heat transfer and dissociation reactions were introduced into the CFD framework. The air/liquid ratio in each cell of the domain was considered in heterogeneous mass transfer rate. Good agreement between CFD modeling and experiments employing a packed bed was obtained on the effect of pH and temperature upon ammonia removal. It was found that the liquid to gas mass transfer rate became slower at the lower part of the packed bed with high air/liquid ratio and short liquid resident time, decreasing ammonia removal efficiency. The predicted contours at the lower part also showed decreases in liquid volume fraction and liquid temperature. These results suggest a great potential compensation to use the multi-section feed-in and recirculation for improving reactor performance.
INTRODUCTION
A recent trend in animal manure management is the renewed interest in anaerobic digestion(AD) for energy production and odor control (Singh & Prerna 2009) . Although AD is advantageous in controlling several of other defined emissions and odors (methane entrapment and reduction of volatile organics) it does not in itself reduce or recover nutrients, particularly nitrogen and phosphorous. Instead, AD can only in-part convert the organic nitrogen to ammonium. Significant amount of ammonia in animal wastes and digestion effluent presents a challenge to the treatment and the post-treatment of anaerobic digestion due to the effects of potential inhibitors or toxicants on the anaerobic-digestion microbial consortia (PoggiVaraldo et al. 1997 ) and nitrogen pollution in farming areas (Lei et al. 2007) . However, the current AD designs do not include a process for recovering nitrogen and phosphorus. Thus, they contribute little to the solution of environmental problems.
Although there are a number of available ammonia removal and recovery technologies for wastewater treatment, they have not been widely applied to animal waste because of the characteristics of the manure wastewater and the cost. Researchers (Tilche et al. 2001; Choi et al. 2005) have studied full-scale nitrogen removal with Sequencing Batch Reactor (SBR) nitrification and denitrification from piggery manure wastewater without AD. Vanotti (Vanotti 2004 ) studied fullscale swine wastewater ammonia removal with another nitrification and denitrification system, Anoxic/Oxic (A/O). These processes are technically effective, as Szogi (Szogi et al. 2006 reported that the annual ammonia emissions were reduced 90% in the swine wastewater lagoon treated by using nitrification and denitrification. These processes, however, often require a large reactor and great amount of electricity for the ammonia oxidation step as well as the oxidizing organic material to CO 2 which could be more effectively utilized if the organic material was treated in an AD as opposed to aerobic system. When treated with AD effluent, a recently developed process, anammox, (Fux & Siegrist 2004 ) needs only 40B50% oxygen compared with traditional nitrification and denitrification, and it does not need organic material for denitrification. Although anammox has several advantages, it is currently not an available technology because there is no successful demonstration. Other researchers (Liao et al. 1995; Bonmati & Flotats 2003; Zeng et al. 2005) have opted for ammonia stripping because of the limited available organic material in the AD effluent. Ammonia stripping was also studied for other similar wastewaters such as landfill leachate (Cheung et al. 1997) , digester supernatant of a municipal wastewater treatment plant (Katehis et al. 1998) , and digester supernatant from slaughterhouse waste (Siegrist 1996) . Air stripping has been proven as an available and reliable ammonia removal technology from previous research. Notably, though, all of these processes simply stripped the ammonia as opposed to also collecting the stripped ammonia.
Beside addressing the ammonia stripping and collecting, an innovative concept was developed in our laboratory to integrate several essential components into a relatively simple system also including enhanced solids settling and phosphorous recovery and biogas purification (Jiang et al. 2009; Jiang 2010) . In order to optimize the design of this innovative system, a mathematical model is required to provide additional information which is difficult to obtain from experiments. For example, most laboratory stripping experiments used blowers instead of fans, because there are no appropriate fans available for lab scale ammonia-stripping experiments. That is why Liao (Liao et al. 1995) used a low gas/ liquid ratio 54.2-106.5 and even the highest ratio used by Zeng (Zeng et al. 2005 ) was only 1440. At a commercial scale, though, it is possible to achieve a large volume of airflow with small air pressure by fans which require minimal electrical consumption. There is an information gap between these two scales. A model can be used to fill this gap through predicting higher gas/liquid ratio scenarios.
The previously reported theoretical study was based on empirical methods such as mass transfer K La correlation and assumed that the flow in ammonia stripping tower was homogenous (Katehis et al. 1998; Arogo et al. 1999) . Little efforts have been made to connect flow with mass and heat transfer and reactions in ammonia stripping tower. Computational Fluid Dynamics (CFD) is an effective tool to reveal the mechanism of flow. It has been applied in a wide range of industrial and non-industrial fields, such as aerodynamics of aircraft and vehicles, power plants, chemical process engineering, meteorology and so forth (Versteeg & Malalasekera 1995) . So far, multi-fluid model is one of the most advanced methods to simulate the gas-liquid system which can also be applied into ammonia stripping. The flow behavior in the similar system of ammonia stripping tower like trickle bed and packed bed was studied by many researchers (Jiang et al. 2002; Mahr & Mewes 2007; Lopes & Quinta-Ferreira 2009) .
Introducing mass and heat transfer and reactions into flow field in the ammonia stripping tower, the CFD model developed can provide more details to design and optimize an innovative nutrients recovery system. This procedure will facilitate the development of a technology that can be adopted by the industry to recover nutrients from concentrated animal feeding operations (CAFOs) since it will not only mitigate the environmental impacts caused by manure nutrients, but also produce a fertilizer to offset the cost. In this study, a multifluid model was developed to describe the gas-liquid flow, mass and heat transfer and reactions in the ammonia stripping tower. The mass and heat transfer and dissociation reactions were introduced into CFD framework. The air/liquid ratio in each cell of the domain was considered in heterogeneous mass transfer rate. Both CFD modeling and experiments were carried out to investigate the effect of pH and temperature on ammonia removal. The ammonia removal efficiency under different conditions such as pH, feedstock temperature, air/liquid ratio and tower height was predicted.
EXPERIMENTAL WORK
The ammonia recovery experiments involved stripping and collecting. After fiber separation, solid settlement and phosphorous recovery, the AD effluent was sent to a closed loop stripping tower. Air was used to strip the ammonia from the AD effluent through countercurrent flow in the stripping tower. The ammonia stripped out was absorbed through addition of sulfuric acid to make a concentrated liquid ammonia sulfate for export off the farm. The model work was focused on the ammonia removal, and it can be extended to describe ammonia absorption.
Experiment setup and analysis methods
The lab-scale ammonia stripping and collecting system is shown in Figure 1 . The striping system has a packed tower with Diameter of 0.1 m and a packed height of 1.5 m. The absorption tower has the same diameter but a packed height of 1.25 m. Both towers were equipped with sprayers above the packing material. Both stripping and absorption towers were packed with 25.4 mm plastics Jaeger rings (Jaeger Products, Inc., Huston, TX) with a surface area of 171.9 m 2 /m 3 .
All analyses were done in the water quality laboratory in the Department of Biological Systems Engineering, Washington State University according to the standard methods described by APHA (2005) 
MODELING WORK Mathematical model
Multi-fluid (gas and liquid) CFD model was developed to describe the process of ammonia mass transfer and reactions in packed bed stripping tower as shown in Figure 1 (5). The mechanism related to ammonia release from manure was illustrated in Ni's review (Ni 1999) .
Chemical reactions
Based on the above mechanism, the ammonia dissociation reaction in the liquid phase was used.
Buffer solution was used to stable the pH value in the liquid phase. The chemical equation took the following form:
Heterogeneous mass transfer
Ammonia release from liquid phase to gas phase was developed to consider the effect of air/liquid ratio in each cell of the domain. The expression was added into the CFD framework by user defined function (UDF) in the FLUENT (v.6.3.26) (FLUENT 2006) . It is expressed as
where a g and a l are gas and liquid volume fraction, respectively. r g,m and r l,m are the mixture density of gas and liquid respectively, . m lg characterizes the mass transfer from liquid to gas phase. Y g,i is the mass fraction of species i in gas phase. Y l,j is the mass fraction of species j in liquid phase. k lg is interphase mass transfer coefficient and K h is Henry's constant (Ni 1999) .
This expression is a dynamic equilibrium of ammonia in liquid phase and gas phase. It indicates ammonia would go back to liquid phase if excess ammonia was released to gas phase.
The CFD framework included continuity equations, momentum equations, energy equations and species equations. The CFD governing equations are provided in the FLUENT (v.6.3.26) documentation (FLUENT 2006) . In the ammonia stripping tower, gas flow was turbulent while liquid flow was laminar. The model details are listed in appendix. RESULTS AND DISCUSSION Figure 2 shows good agreement in the comparison of the predicted ammonia removal at different pH and temperatures with experimental data. Coefficient of determination was used to evaluate the simulation. The coefficients of the prediction at 351C, 391C and 491C are 0.949, 0.952 and 0.733, respectively. It indicates the ammonia stripping process would be more effective at higher pH and temperature. Figure 3 visualizes the distribution of liquid volume fraction, gas and liquid temperature in the ammonia stripping tower. Although the tower packings of plastics jaeger rings are supposed to ensure a good distribution for the anaerobic effluent in the tower, the non-uniform distributions can be observed in the simulation. The higher liquid volume fraction occurs on the top of the packed bed. When the AD effluent flows down to the bottom of the packed bed, the liquid volume fraction gradually decreases and more effluent goes to the walls. This phenomenon was confirmed in our experiments. The temperature distribution is also non-uniform. The gas temperature distribution is not the same as the liquid temperature distribution. The liquid temperature decreases when the effluent flows down from the top of the packed bed to the bottom because ammonium ion dissociation reaction and ammonia released from liquid phase to gas phase are endothermic. The gas temperature is affected by the liquid temperature and decreases along the bed height. It suggests that the bed structure should be redesigned to prevent effluent from aggregating around the walls and multi-section feed-in might improve the distribution of temperature and liquid volume fraction. Figure 4 shows the prediction of the different effects on ammonia stripping. As shown in Figure 4(a) , the range of air/ liquid ratio was predicted from 1500 to 5500 which was much higher than the highest experimental ratio used by Zeng (Zeng et al. 2005) . With an increase of air/liquid ratio, the ammonia removal increases. However, the ammonia removal efficiency observed in our experiments was less than that in literatures (Liao et al. 1995; Lei et al. 2007) . This is because the liquid residence times in our experiments were much shorter than Liao and Lei over 5 hour's experiments. The relationship between the liquid residence time and ammonia removal is shown in Figure 4(b) . Although the short liquid residence time is not good for ammonia removal, it can increase single tower productivity to a certain level. Figure 4 (c) shows the prediction of ammonia mass transfer rate from liquid to gas along the bed height. At the low air/liquid ratio of 2015, the ammonia mass transfer rate decreases along the bed height. At the high air/liquid ratio of 4143 and 5696, the ammonia mass transfer rate first increases then decreases along the bed height. It indicates that the ammonia removal becomes slow at the lower part of the packed bed. Figure 4(d) shows the prediction of the ammonia removal at different tower heights. With increase in tower height, the ammonia removal increases in a parabolic shape. As the tower height is set over 2.8 m, the ammonia removal does not increase. This is because there is a dynamic equilibrium of ammonia in liquid phase and gas phase. When the tower height increases, the equilibrium of ammonia in liquid phase and gas phase will gradually be reached. Referred to Figure 4(c) , it can be found that the equilibrium tower height is related to the gas/liquid ratio. When the gas/liquid ratio increases, the equilibrium will be reached at lower tower height. Figure 5 shows numerical results of the mass fraction of H þ , NH 3 (g) and NH 3 (l). The contour of H þ mass fraction shows that H þ concentration increases as the effluent flows downward to the bottom of the packed bed due to ammonia release. In contrary, the corresponding pH decreases. However, the pH decease is not significant because of the buffering capability of the solution as the solution can consume some H þ to maintain a certain range of pH. Due to ammonia release from anaerobic effluent to air, NH 3 (l) concentration decreases while NH 3 (g) concentration increases along the tower height.
CONCLUSIONS
The following conclusion can be drawn from this study:
(1) The ammonia mass transfer rate from liquid to gas becomes slow at the lower part of the packed bed at high air/liquid ratio. At low air/liquid ratio, the ammonia mass transfer rate decreases along the bed height.
(2) The liquid residence time should be considered in the design. If it is short, even high gas/liquid ratio cannot result in high ammonia removal efficiency.
(3) Increasing tower height cannot always increase ammonia removal which depends on equilibrium of ammonia in liquid phase and gas phase. The gas/liquid ratio is related to the effect of tower height on ammonia removal. The higher gas/liquid ratio can reach the equilibrium at the lower tower height. (4) The calculated contours of ammonia stripping tower show that the distributions of temperature and liquid volume fraction are not homogenous and become worse at the lower part of the packed bed. (5) The numerical results of heterogeneous mass transfer, temperature and liquid volume fraction distribution suggest a great potential compensation to use the multi-section feed-in. Furthermore, the short residence time needs recirculation of the AD effluent.
APPENDIX Continuity equations
Continuity equations is expressed as
where r g,m and r l,m are the mixture density of gas and liquid respectively, and v * is fluid velocity in tensor form. . m lg characterizes the mass transfer from liquid to gas phase.
where k lg is interphase mass transfer coefficient and K h is Henry's constant.
a is volume fraction where
The mixture density of gas is computed as
where Y g,i is the mass fraction of species i in gas phase. p op and p are operational pressure and gauge pressure, respectively. R is the universal gas constant. M w,g,i is the molecular weight of species i in gas phase. T g is gas temperature. The mixture density of liquid is computed as
where Y l,j is the mass fraction of species j in liquid phase.
Momentum equations
The momentum equations are expressed as @ a g r g;m v g * @t þ , a g r g;m v g
@ a l r l;m v l * @t þ , a l r l;m v l * ¼ Àa l ,p þ ,?t 1 þ a l r l;m g
where p is gauge pressure shared by all phases, t is stress tensor (described below), rg is gravitational force, R lg * is an interaction force between phases and v lg * is the interphase velocity, defined as follows. If . m lg 40 (i.e., liquid is being transferred to gas), v lg
The stress tensors, t 1 ; t g , are expressed by
where m is molecular viscosity. The interaction force between phases, R lg
Energy equations
The energy equation has the specific enthalpy form and is expressed as:
where h is the specific enthalpy of the phase. k T is the thermal conductivity, and k T,g ¼ 0.0454 w/m?K (air), k T,g ¼ 0.6 w/m?K (water) based on the material properties.
H l and H g are the internal energy for liquid and gas phases, respectively which are defined by
Q lg is the intensity of heat exchange between the liquid and gas phases.
h lg is the interphase enthalpy.
In the case of fluid-fluid multiphase, FLUENT uses the correlation of Ranz and Marshall
Pr is the Prandtl number of gas phase:
S l is a source term that includes sources of enthalpy due to chemical reaction in liquid phase.
where h 0 j;1 is the formation enthalpy of species j at the reference temperature T 0 in liquid phase.
Species equations
The species transport equations are expressed as:
where J g,I is the diffusion flux of species I in gas phase, J l,j and R l,j are the diffusion flux and the homogeneous reaction rate of species j in liquid phase, respectively. The diffusion flux of chemical species using Fick's law
D m is the diffusion coefficient of the mixture, and D g,m ¼ 2.88 Â 10 À5 (air), D l,m ¼ 2.5 Â 10 À9 (NH 3 in water).
Packed bed model
The packed bed is described by porous media model. This model consists of two parts as shown in the right side of Equation (30). The first is a viscous loss term and the second is an inertial term.
where S i is the source term for the momentum equation. v is velocity. a is permeability and C 2 is inertial loss coefficient. Ergun equation was used to calculate permeability and inertial loss coefficient.
where Dp is the bed pressure drop, L is the bed height, D p the diameter of droplets. E is the effective bed void fraction.
Initial and boundary conditions
The initial and boundary conditions of this CFD model are set to match the experimental setup. The gas including O 2 , CO 2 , NH 3 (g) and N 2 enters the ammonia stripping tower at the bottom side zone where velocity-inlet is defined. The air composition (O 2 21%, CO 2 0.0314% and NH 3 0%) was used to define boundary conditions for species in gas phase. The inlet air velocity was set to a value of 1.74 m/s which corresponds to a volume flow of 0.0125 m 3 /s. Inlet turbulent kinetic energy (k) was estimated from turbulence intensity as expressed
where I is the turbulence intensity being given
Inlet turbulent dissipation rate (E t ) was estimated from the turbulent viscosity ratio.
The liquid including NH 3 (l), NH 4 þ , H þ , CO 3 2À , HCO 3 À and H 2 O enters the ammonia stripping tower at the top zone where velocity-inlet is defined. The measured value in equilibrium (NH 3 (l) 0.0586 wt%, NH 4 þ 0.102 wt%, H þ 9.333 Â 10 À11 wt%, CO 3 2À 0.0681 wt% and HCO 3 À 1.151 wt%) was used to define boundary conditions for species in liquid phase. The inlet effluent velocity was set to a value of 0.000339 m/s which corresponds to a volume flow of 160 mL/min. The gas and liquid outlets are both defined as outflow. The gas was limited to go through liquid outlet while the liquid was limited to go through gas outlet. At the walls, a zero gradient condition is used for the turbulent kinetic energy. The no-slip wall condition is used for the gas and liquid phase. The wall temperature was set as 351C, 391C and 491C, respectively. At the beginning, pressure and velocities were set zero in the whole domain. Gas temperature was set as 251C and liquid temperature was set 351C, 391C and 491C, respectively.
